Tuberculosis (TB) remains a significant therapeutic challenge for the early 21st century. The global incidence and prevalence of infection and multidrug resistance and the impact of AIDS and poverty diminish the likelihood that TB will be controlled without a more effective vaccine (9, 15). Therefore, innovative approaches to discovering improved diagnostic methods, therapies, and vaccine candidates are very much needed.
Tuberculosis (TB) remains a significant therapeutic challenge for the early 21st century. The global incidence and prevalence of infection and multidrug resistance and the impact of AIDS and poverty diminish the likelihood that TB will be controlled without a more effective vaccine (9, 15) . Therefore, innovative approaches to discovering improved diagnostic methods, therapies, and vaccine candidates are very much needed.
Mycobacterium tuberculosis is a facultative intracellular pathogen of macrophages. Following inhalation of the tubercle bacilli in droplet nuclei into the lower respiratory tract, M. tuberculosis is phagocytosed by alveolar macrophages. These bacilli have acquired the ability to survive and multiply within these cells, and it is widely believed that this ability is critical for the establishment of infection. It has also been shown that M. tuberculosis can attach to and be taken up by alveolar epithelial cells, although the significance of this is not well understood (7, 8, 10, 21, 30) .
Attachment of a pathogen to pattern recognition molecules is of central importance in the host innate immune response. Bacterial pathogens typically gain entry to host tissues using pathogen-associated molecular patterns that bind host broadspectrum cognate ligands (16) . Interactions between M. tuberculosis cell wall determinants and host molecules within the alveolar microenvironment are expected to play an important role in determining whether this pathogen successfully invades the host or is cleared by first-line host defenses. The binding interactions between M. tuberculosis and host recognition molecules, therefore, represent key opportunities to identify potential candidates for improved antimycobacterial therapy, since interrupting binding events that lead to tubercle bacilli invasion or facilitating binding events that lead to clearance would functionally disrupt bacilli entry into its host cell niche.
Surfactant protein A (SP-A), surfactant protein D (SP-D), and fibronectin (FN) are produced by pulmonary epithelial cells and play a role in the innate immune response in the lung. The collectins, SP-A and SP-D, are oligomeric carbohydrate binding proteins that regulate opsonization, phagocytosis, and agglutination of microorganisms within the respiratory tract. Their localization in the alveoli enables them to act as "first responders" to inhaled pathogens. SP-A acts both as an opsonin and regulator of cell receptor activity in enhancing phagocytosis by macrophages (4, 12, 49) . SP-A-deficient mice are more susceptible to infection with respiratory pathogens, and the instillation of SP-A in the lungs of these mice enhances phagocytosis and clearance of pathogenic bacteria (17, 28) . In contrast, SP-D binding to respiratory pathogens aggregates microorganisms and alters their interactions with host cells (12, 17) . Previous work has shown that SP-D agglutination of virulent M. tuberculosis inhibits phagocytosis of the bacilli by alveolar macrophages (18, 19) . Finally, FN is a glycoprotein that plays a role in the host response to tissue injury and opsonization (33) . FN has multiple binding sites for collagen, heparin, and fibrin, and it has been shown to enhance the attachment of several pathogens, including mycobacteria, to host cells (32, 34, 46) .
Binding interactions between pathogens and host molecules or cells are traditionally studied under static conditions. During inhalation, however, respiratory pathogens undergo shear forces as they travel to the terminal airways (29, 53) . Once in the alveoli, expansion and contraction of the alveolar sac subject the cells lining the alveoli to deformations that change with lung tidal volume, i.e., bulging of the epithelium at low volumes and surface tensions (contraction) and stretching of the epithelium at higher volumes (expansion) (3) . Therefore, the alveolar epithelium is subjected to micromechanical forces and shear from airflow-dynamic effects that are not well modeled by microorganisms and host cells in a static culture system.
The aim of this study was to evaluate binding of M. tuberculosis to purified human molecules using shear conditions to better simulate the dynamic lung microenvironment. To accomplish this aim, we modified a technique developed for investigating leukocyte interactions with other cells to assay for M. tuberculosis binding to putative host determinants under shear conditions. This method is sensitive and better simulates in vivo conditions by examining M. tuberculosis-host interactions when physiological shear is present. Importantly, shear conditions may reduce or abrogate nonspecific binding interactions that take place under static conditions and thus select for high-affinity binding interactions.
Using both a flow system and static binding assays, we investigated the binding patterns of both a virulent and an attenuated strain of M. tuberculosis to human SP-A, SP-D, and FN. Binding patterns of tubercle bacilli to SP-A and FN were significantly different compared with a nonspecific protein, bovine serum albumin (BSA), under shear conditions, suggesting high-affinity interactions. When M. tuberculosis was preincubated with soluble SP-A, SP-D, or FN and tested in a shear assay using primary human small airway epithelial cells (SAEC), these proteins affected the number of bacilli that adhered to these cells. FN significantly enhanced adherence to SAEC for both virulent and attenuated M. tuberculosis under shear conditions, whereas SP-A and SP-D showed strain-dependent adherence patterns. These results indicate that the shear model is useful in identifying robust binding interactions between M. tuberculosis and host molecules or cells. These interactions will enable further investigation of potential therapeutic and vaccine targets.
MATERIALS AND METHODS
Media and reagents. Middlebrook 7H9 broth and 7H11 agar were prepared with oleic acid albumin dextrose catalase supplement (Difco media; Becton Dickinson, Sparks, MD) and supplemented with 0.1% casein enzymatic hydrosylate and glycerol (Sigma) as described previously (11) . Hanks balanced salt solution (HBSS) supplemented with HEPES, Ca 2ϩ , and Mg 2ϩ , and 2% fetal bovine serum (FBS) and RPMI (Gibco cell culture; Invitrogen Corporation, Carlsbad, CA) supplemented with 10% FBS (HyClone, Logan, UT), HEPES, penicillin/streptomycin, nonessential amino acids, sodium pyruvate, L-glutamine, and vitamins (Sigma) were used to rinse flow cells and in flow cell experiments. Human FN and BSA were purchased from Sigma.
Bacteria. M. tuberculosis H37Ra (ATCC 25177), H37Rv (ATCC 27294), and Erdman (ATCC 35801) were grown and harvested on Middlebrook 7H11 agar and used between 9 to 11 days as described previously (44) . Immediately prior to assays, bacteria were scraped into polypropylene tubes containing 1 ml 7H9 broth and pulse vortexed five to six times (1 s per pulse) with two 3-mm-diameter glass beads. Clumped bacteria were allowed to settle, and the resulting suspension was counted using a Petroff-Hausser chamber, yielding Ͼ90% of a single cell bacterial suspension.
Surfactant protein purification. SP-A was purified as previously described (13) . Following an approved Institutional Review Board protocol, surfactant lipid from human alveolar proteinosis bronchoalveolar lavage (BAL) fluid was isolated by centrifugation at 20,000 ϫ g and washed repeatedly, and lipidassociated SP-A was eluted using 2 mM EDTA at 4°C. SP-A was purified from the EDTA elution supernatant by separation over a mannose-Sepharose affinity chromatography column, and EDTA was removed by dialysis against 10 mM HEPES plus 25 mM NaCl. SP-D was purified from human alveolar proteinosis bronchoalveolar lavage fluid as previously described (51), with minor modifications. Briefly, following removal of SP-A-containing surfactant lipid from BAL fluid by centrifugation, SP-D was purified from BAL fluid by loading BAL supernatant to a maltose-Sepharose affinity chromatography column. The column was then washed to remove unbound proteins, and SP-D was specifically eluted using MnCl 2 and then dialyzed against 10 mM HEPES plus 150 mM NaCl to remove the MnCl 2 . Recombinant human SP-D dodecamers were also used in shear and static binding assays. There are no known functional differences between comparably oligomerized recombinant or native proteins. Recombinant SP-D was isolated by sequential maltosyl-agarose and gel filtration chromatography (24) . Purified proteins were examined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blotting using anti-SP-A and anti-SP-D specific antibodies.
Protein coating of flow cells and coverslips. To coat flow cells with FN, sterile glass flow cells (Friedrich and Dimmock, Inc., Millville, NJ) were filled with 100 l of protein and incubated for 2 h at 37°C. The optimal concentration for attachment was determined empirically. Flow cells were then rinsed three times with RPMI. For covalent attachment of SP-A and SP-D, flow cells were filled with 100 l of 0.1 mg/ml of poly-L-lysine diluted in phosphate-buffered saline (PBS) and allowed to incubate at room temperature (RT) for 60 min. Flow cells were washed three times with PBS and filled with 100 l of 2.5% glutaraldehyde for 15 min and washed five times with sterile H 2 O and two times with PBS. Flow cells were incubated with 10 g/ml SP-A, SP-D, or BSA at RT for 30 min, washed twice with PBS, and filled with 0.2 M glycine and incubated at RT overnight to quench untreated aldehyde groups. The flow cells were then washed twice with PBS and twice with RPMI. For static binding assays, glass coverslips in wells of a 24-well tissue culture plate were coated with proteins exactly as described above (44) .
Flow cell and static binding assays. For flow cell assays, bacteria were stained with Syto 9 nucleic acid dye (Molecular Probes, Eugene, OR) for 30 min prior to the flow cell assay. Flow cells and loop tubing were filled with HBSS and placed in an Ismatec low-speed precision pump (Cole-Parmer, Vernon Hills, IL) to remove bubbles. The loops were clamped and a glass flow cell, coated with either the human protein of interest or BSA, was inserted into each loop tubing and secured to prevent leakage. A portable stage heater (Cole-Parmer) equilibrated to 37°C was placed beneath the flow cell, and flow was initiated at a flow rate of 0.75 dynes/cm 2 (Reynold's number [Re] ϭ 19) (calculated for fluid at 37°C). Stained bacilli, ϳ1 ϫ 10 8 , were injected in each loop and allowed to circulate for 1 h at 37°C. Bacilli were then fixed in 3% glutaraldehyde (final concentration) for 10 min under flow to optimize mixing. Following fixation, flow was resumed and 30 volumes of HBSS were passed through the flow cell to remove nonadherent bacilli. For static binding assays, glass coverslips in tissue culture wells were incubated with ϳ10 8 bacilli for 1 h at 37°C, rinsed to remove nonadherent bacteria, fixed, stained with auramine-rhodamine, and mounted on glass slides prior to enumeration. In control experiments, M. tuberculosis mannosyl lipoarabinomannan (ManLAM)-coated beads (10 8 ) (45) were incubated with coverslips under the same conditions, washed, fixed, and enumerated.
Measuring bound M. tuberculosis. For flow assays, adherent bacteria were enumerated under a Leica DM-RXE microscope (Leica Microsystems, Exton, PA) (using the PL APO 63ϫ/1.20 W lens or a 100ϫ/1.4 oil lens) and counting two separate faces of the flow cell. By examining the top face of the flow cell, only bacteria that were adherent to the protein-coated surface, not bacteria that had detached and settled due to gravity, were enumerated. A minimum of 30 fields were counted per flow cell, and duplicate flow cells were run in parallel for each molecule. BSA control flow cells were run for each experiment to control for assay-to-assay variability. Average adherent bacilli per field were determined, and the area per microscopic field was calculated to yield a normalized number of bound bacilli per cm 2 . For static binding assays, a minimum of 20 high-power fields were counted per coverslip for either bacilli or ManLAM-coated beads and normalized as above to yield the number of bound bacilli or beads/cm 2 . Experiments were done in triplicate for each protein and particle tested (n ϭ 6).
Cells and tissue culture. Cryopreserved SAEC were obtained from Clonetics (San Diego, CA) and subcultured in small airway basal medium (SABM; Clonetics), aliquoted, and frozen as stock suspensions containing 5 ϫ 10 5 cells per ml. Frozen stock aliquots were removed from liquid N 2 and cultured in Ham's F-12 media (Invitrogen, Calsbad, CA) supplemented with 10% FBS, HEPES, L-glutamine, nonessential amino acids, sodium pyruvate, and penicillin/streptomycin and incubated at 37°C and 5% CO 2 for 48 h. Cells were harvested and centrifuged, and 5 ϫ 10 6 SAEC were seeded onto MatTek glass-bottom culture dishes (MatTek Corp., Ashland, MA) and allowed to grow to confluence for 24 to 48 h.
Adherence to SAEC. SAEC monolayers were incubated with ϳ5 ϫ10 7 M. tuberculosis H37Rv or H37Ra cells (multiplicity of infection ϭ 10:1) at 37°C for 1 h under gentle shear conditions (ϳ35 rpm) on a Lab-Line lab rotator (model no. 1304; Lab-Line, Melrose Park, IL). Cells were rinsed three times with tissue culture medium to remove nonadherent bacilli and bacteria were stained using a TB fluorescent stain kit M (Becton Dickenson, Sparks, MD) for 15 min and then rinsed three times to remove the auramine M. Following fixation with 3% glutaraldehyde for 10 min, the monolayers were rinsed three times to remove glutaraldehyde, counterstained briefly with potassium permanganate to enhance contrast, and rinsed twice more.
Confocal microscopy. Flow cell images were captured using a Leica DM-RXE microscope and TCS NT confocal scanning laser system (Leica Microsystems, Exton, PA) using the 488-nm laser line to visualize Syto 9-stained M. tuberculosis cells that were adherent to the flow cell after 1 h of shear. Tissue culture plates were analyzed with a Zeiss LSM 510 meta confocal microscope (Carl Zeiss Microimaging Inc., Thornwood, NY), using the 488-nm laser line to visualize fluorescent M. tuberculosis cells stained with auramine M and the transmission mode to visualize SAEC counterstained with potassium permanganate.
SEM. Monolayers were processed for scanning electron microscopy (SEM) by dehydration in a graded ethanol series following 3% glutaraldehyde fixation. Samples were sputter coated with 15 to 20 nm gold palladium using a Hummer VII sputtering system (Anatech Ltd., Alexandria, VA). Samples were visualized at an accelerator voltage of 12 kV using a JEOL JSM-6100 scanning electron microscope and digitized TIFF images were collected.
Statistical analysis. The data were analyzed using the R statistical environment (38) and the add-on package nlme (nonlinear and linear mixed effects) of Pinheiro and Bates (36) . The analysis used a mixed effects model with random effects for the experiment and fixed effects for the strains and compounds (human molecules); the fixed model was a two-way analysis of variance model. Normality of residuals was examined using quantile-quantile plots, and transformations of the response were used to give a good fit to normality. The observation of many fields for each flow cell created pseudoreplications which were investigated for possible serial correlation (5) . Several types of correlation were considered, and the best fitting, an autocorrelation of order 1, was used, thus avoiding the common assumption of independent observations by modeling the correlation structure.
RESULTS
The flow cell system. Shear caused by fluid flow is a function of the velocity, density and viscosity of the fluid (air) or airliquid interface, and the diameter of the tube (blood vessel or airway). Laminar flow is predominant in the small airways (terminal bronchioles and alveoli) (29, 53) . Physiologically relevant shear forces are measured in dynes/cm 2 (shear forces occurring over square centimeters). Shear forces in the lung have been used primarily for purposes of calculating gas exchange where the fluid is air (29, 42, 53) . Due to the complexity of the lung microenvironment with its three-dimensional branching structure, however, it is extremely difficult to determine these numbers, and so they are based largely on models using basic concepts of hydrodynamics or fluid transport (42) .
To approximate physiological conditions present in the lower airways, purified proteins were adsorbed or covalently linked to the flow cell and M. tuberculosis was circulated under laminar flow conditions (Re ϭ 19) determined using the following equations: Re ϭ u (ave) (D h )/ and u (ave) ϭ Q/CSA, where u (ave) is the average flow velocity, Q is the flow rate, CSA is the cross-sectional area of the flow cell (1-mm 2 flow chamber), D h is the hydraulic diameter, and is the kinematic viscosity (taken for that of water at 37°C) (50) . These conditions yielded good mixing and resulted in an operational shear equivalent to less than 1 dyne/cm 2 , simulating a very low laminar shear that would be expected in the terminal bronchioles and air sacs. The sterile flow system was completely disposable and precluded autoclaving and the potential buildup of bacterial toxins. Moreover, the modular system fit easily inside a biosafety cabinet in the biosafety level 3 facility and generated relatively small volumes of bacterial waste (flow cell volume, ϳ3 ml). A similar system has been successfully used to monitor real-time binding and binding inhibition between larger cells such as epithelial cells and a fungal pathogen, Candida albicans (23) .
M. tuberculosis binding to immobilized proteins. M. tuberculosis binding to human proteins was first tested under dynamic conditions by enumerating binding of the live attenuated M. tuberculosis strain H37Ra to immobilized proteins under shear conditions. FN was tested at two different flow rates (1.5 dyne/ cm 2 and 0.75 dyne/cm 2 ) with no statistical difference in mycobacterial binding between rates (data not shown). Since we wished to simulate low shear conditions predicted in the alveolar space, we used the lower rate for all subsequent experiments. FN was initially tested at 10 and 100 g/ml, and there was no significant difference in M. tuberculosis binding (compared to BSA control; data not shown), indicating that binding was saturable at 10 g/ml FN (data not shown), consistent with other reports (34) .
We next compared the binding of two strains of M. tuberculosis (a virulent strain, H37Rv, and an attenuated strain, H37Ra) to FN, SP-A, and SP-D under shear conditions. To adjust for possible changes in binding across experiments, a binding index for each molecule was calculated by dividing the average M. tuberculosis bacilli bound to the host molecule by the average number of bacilli bound to BSA (Table 1) . Under shear conditions, virulent and attenuated M. tuberculosis bound to human FN approximately six-to sevenfold more than to the BSA control. M. tuberculosis binding to SP-A was approximately four to fivefold greater than to BSA. Binding of the virulent strain H37Rv to SP-D, however, was reduced compared with the nonspecific protein, BSA, showing a binding index of Ͻ1 (Table 1) .
To allow for the assumption of constant variance of residuals (Fig. 1) . Because SP-D was previously shown to bind to and agglutinate the virulent M. tuberculosis Erdman strain (18), our result was unexpected. Therefore, we further investigated the binding of M. tuberculosis H37Rv, H37Ra, and Erdman strains to covalently bound SP-D under static conditions. We also studied the binding of M. tuberculosis ManLAM-coated beads to covalently bound SP-D, since ManLAM also binds to SP-D (18) . While the binding of the Erdman strain to both FN and SP-A was similar to that observed with the H37Ra and H37Rv strains under shear and static conditions, the binding to SP-D was variable and less than expected, indicating that the Erdman strain also did not bind well to SP-D covalently linked to the substratum. This suspicion was confirmed with binding assays using ManLAM beads, which failed to show specific binding to covalently linked SP-D (data not shown). Therefore we conclude that covalent attachment of SP-D to a platform disrupts the conformation of the SP-D carbohydrate recognition domains necessary for binding of M. tuberculosis.
Overall our data provide evidence that M. tuberculosis is able to bind rapidly (within 1 h) and significantly to immobilized human SP-A and FN under shear conditions. Binding under static conditions revealed similar trends, but there was a marked increase in variability. Binding under shear conditions Both M. tuberculosis H37Ra and H37Rv adhered to SAEC under rotational shear conditions at 37°C within 1 h (Fig. 2) . These results are consistent with other reports that have shown that M. tuberculosis adheres to respiratory epithelial cells (7, 8, 30) . When M. tuberculosis strains were preincubated with soluble human SP-A, SP-D, or FN and assessed for adherence to SAEC cell monolayers, FN significantly enhanced tubercle bacilli adherence to these cells for both virulent and attenuated M. tuberculosis strains, resulting in the greatest number of adherent bacilli to SAEC (Fig. 2 ) and the greatest difference compared with adherence to SAEC by untreated M. tuberculosis (P Յ 0.0001) for both strains. Statistical analysis also showed that SP-D preincubation influenced attenuated M. tuberculosis H37Ra adherence to SAEC (P ϭ 0.0258). The P value comparing SP-A-preincubated H37Ra to untreated M. tuberculosis was 0.0531. Interestingly, this pattern differed from the adherence pattern to SAEC by the virulent H37Rv strain, where adherence was unaffected by preincubation with the collectins compared with M. tuberculosis in the absence of host protein (SP-A, P ϭ 0.8029; and SP-D, P ϭ 0.9940). Adherence by M. tuberculosis in the presence of FN also differed significantly from bacilli preincubated with SP-A (P ϭ 0.003) or SP-D (P ϭ 0.002).
Microscopic evaluation of adherent bacilli to SAEC. Confocal microscopy and SEM showed that tubercle bacilli were attached to the epithelial monolayer ( Fig. 3 and 4) . Figure 3 shows M. tuberculosis bacilli adhered to SEAC after 1 h of incubation under shear conditions. Bacilli were observed to be adherent to the cell monolayer even when not preincubated with human proteins. Large clumps of bacilli were noted more frequently with SP-A, SP-D, and FN preincubation (Fig. 3) . In some confocal micrographs, bacilli appeared to be within the epithelial cell. SEM analysis demonstrated M. tuberculosis in the process of being surrounded by epithelial cell cytoplasm. Fine filaments of the monolayer appeared to envelop the edges of single bacteria or aggregates of cells (Fig. 4) . These results suggest that bacilli are capable of invading human primary SAEC and that host proteins can influence the number of M. tuberculosis adherent to these primary airway cells under conditions that simulate physiological shear.
DISCUSSION
M. tuberculosis encounters a dynamic pulmonary microenvironment upon inhalation into the lung. The airway environment includes epithelial cells and host innate immune mole-cules, and previous studies provide evidence that interactions between M. tuberculosis and these recognition molecules influence uptake of the bacilli (4, (17) (18) (19) 22) . Binding assays that examine interactions between microbial pathogens and recognition molecules are typically carried out under static conditions. These studies are useful in determining whether specific binding occurs between a ligand and its receptor; however, they overlook mechanical forces that arise during shear over a surface.
Shear forces can affect the binding of a microorganism as well as the effectiveness of a putative binding inhibitor (31, 41, 48) . Bacterial cells can respond to hydrodynamic forces that affect bacterial adherence to substrata such as inert surfaces and extracellular matrix (31, 37, 41, 48) . Specifically, the adherence of Staphylococcus aureus mutants to fibrinogen and FN differed depending on whether bacteria were incubated under static versus flow conditions (48) . Moreover, shear may also select for higher-affinity adhesion interactions. A recombinant collagen adhesin fragment that abrogated S. aureus binding to collagen under static conditions failed to inhibit binding under shear conditions, suggesting that putative inhibitor candidates should have the ability to bind to a ligand and resist detachment under conditions that may be present physiologically (31) . Shear also influences cellular responses such as mechanotransduction, membrane receptor regulation, cytokine expression, and repair mechanisms in many types of mammalian cells (20, 25, 43, 52) .
A wide range of shear forces occur in the lung. Laminar flow is thought to be present in the small airways (terminal bronchioles and alveoli), whereas transitional or turbulent flows occur in branching and large airways, respectively (29, 53) . Therefore, the lung epithelial surface is subjected to dynamic effects that are not well modeled in a static culture system. Given this dynamic pulmonary environment, we reason that an infectious particle might not simply settle out due to gravitational forces but is rather subjected to shear forces during its travel in the terminal airways and alveoli. Thus, we postulate that shear in the lung as studied using aqueous flow provides a better simulation of the dynamic conditions that exist physiologically in intact airways. To our knowledge, M. tuberculosis adherence under shear conditions has not been previously investigated.
Our results show that both virulent H37Rv and attenuated H37Ra M. tuberculosis bound to purified human FN and SP-A under shear conditions and that binding was significantly different than that for the BSA control (Fig. 1) . Binding assays performed under static conditions showed similar trends; however, due to marked variability in the results, significant differences could not be seen between the host proteins and BSA control. Importantly, the significant differences exhibited under shear conditions were observed even with the very low shear used to model the alveolar space. This may be due to increased chances of bacilli binding to cognate receptors (better mixing) and/or the ability of shear to select for higheraffinity adhesion interactions. Data from static assays, on the other hand, may reflect a combination of specific binding and nonspecific binding, with the contribution of nonspecific binding creating background binding that is more difficult to distinguish from specific binding interactions.
Binding of M. tuberculosis strains to immobilized FN under shear conditions was increased greater than sixfold compared to BSA (Table 1 ). Binding to FN has been well characterized for several bacterial pathogens, including mycobacteria. Specifically, FN attachment proteins and binding proteins have (26) and may induce some protective immunity to mycobacterial infection (6, 33) . (Fig. 3d) , indicating that soluble SP-D agglutinated M. tuberculosis. These results indicate that the conformation of SP-D is extremely important for binding.
In adherence assays using primary human SAEC monolayers, FN significantly enhanced M. tuberculosis adherence for both the virulent and attenuated M. tuberculosis strains (Fig.  2) . SP-A and SP-D also slightly enhanced adherence of the H37Ra strain to SAEC. The ability of soluble FN, SP-A, and SP-D to act as bridging molecules that increase the level of bacilli-bacilli homotypic binding interactions may be important. Clumping of M. tuberculosis would presumably result in more bacilli, with corresponding ligands, engaging cognate receptors on host cells. Shear may enhance aggregation, or alternatively, shear may increase detachment of clumps from low-affinity receptors and promote clearance from the airway. Thus, differences among strains in binding to the collectins are of interest.
Confocal and SEM images indicated that M. tuberculosis bacilli were taken up by SAEC regardless of whether they were preincubated with soluble human proteins. However, our results indicate that FN enhances the M. tuberculosis-SAEC interaction. Other reports have shown that FN specifically enhanced mycobacterial adherence to both nonphagocytic and phagocytic cells. FN served as an opsonin to facilitate the adhesion and invasion of Mycobacterium leprae into both an epithelial and Schwann cell line (46) , and FN enhanced the binding of M. tuberculosis H37Ra to mouse alveolar macrophages (34) . Several other reports demonstrate M. tuberculosis adherence to and invasion of lung alveolar epithelial cells, suggesting that M. tuberculosis might use this mechanism as well as the entry into host monocytes to gain access to tissues (7, 8, 14, 30) . M. tuberculosis H37Rv was internalized in A549 cells by macropinocytosis (21) , a process that has been observed for another respiratory pathogen in airway epithelial cells (27) . Microscopic evaluation revealed membrane ruffling surrounding adherent bacilli similar to that seen in our SEM micrographs.
Our results, in addition to those of other reports, suggest that FN contributes to a greater number of M. tuberculosis bacilli adhering to the alveolar epithelium and subsequently gaining access to epithelial cells by direct invasion. Our results further suggest that SP-A and SP-D enhance the adherence of the attenuated strain to human SAEC but that neither collectin affected adherence by virulent M. tuberculosis to SAEC compared with untreated bacilli under shear conditions. The relevance of these results to the pathogenesis of M. tuberculosis remains to be tested systematically.
We have shown that virulent and attenuated M. tuberculosis bacilli bind well to immobilized human FN and SP-A under conditions simulating shear in the lung microenvironment, suggesting high-affinity interactions. These proteins can also influence the interactions of bacilli with human pneumocytes. Our results extend previous observations to include binding interactions comparing virulent and attenuated M. tuberculosis and these innate immune molecules and primary SAEC under shear conditions.
The respiratory system has evolved a complex and multifaceted defense against inhaled pathogens, and M. tuberculosis has evolved impressive mechanisms for overcoming these defenses. A more comprehensive understanding of the cells and molecules that play a role in pathogenesis is important since vaccines and potential therapeutic regimes should protect against all routes of entry. By targeting early binding interactions between M. tuberculosis and various host molecules and cell types using shear to functionally define high-affinity interactions, attractive candidates for further study can be identified and further assessed. 
